We investigate the transport properties of minority electrons across p-Si/n-4H-SiC interfaces fabricated using surface activated bonding. The transport properties along each direction are examined by measuring the photoresponse (PR) of p-Si/n-4H-SiC heterojunctions and characterizing 4H-SiC/Si heterojunction bipolar transistors (HBTs). The photoyield obtained in PR measurements is sensitive to the concentration of acceptors in p-Si and reverse-bias voltages, which indicates that the energy of optically excited electrons in p-Si is first relaxed and then they are driven to n-SiC through the tunneling process. By the postprocess annealing of HBTs, the properties of emitter/base interfaces are improved so that the current gain is drastically increased, which means that the Si/4H-SiC interfaces are in metastable states when the device process is completed. A maximum current gain of >10 is demonstrated.
Transport characteristics of minority electrons across surface-activated-bonding based p-Si/n-4H-SiC heterointerfaces 1 
. Introduction
Semiconductor heterojunctions made of narrow-gap and wide-gap materials are ideal systems for electron devices that handle high powers at high frequencies because both of the advantages of the respective materials -the excellent transport properties of narrow-gap semiconductors 1, 2) and the high breakdown characteristics of wide gap semiconductors 3, 4) -can be utilized in single devices by optimizing their potential profiles. However, we find difficulties in fabricating such heterojunctions using epitaxial growth technologies since there are large differences in lattice constants and thermal expansion coefficients between typical narrow-gap semiconductors, such as GaAs, Si, and Ge, and wide-gap semiconductors such as GaN and 4H-SiC, 5) although Si=3C-SiC, 6) Si=4H-SiC, 7) and GaAs=GaN junctions 8) have been epitaxially grown in pioneering works. Wafer bonding technologies 5, 9) such as surface activated bonding (SAB) 10) provide a practical solution to overcoming such difficulties. Several authors reported on wafer-bondingbased GaAs=GaN, 11) GaAs=4H-SiC, 12, 13) and Si=4H-SiC junctions. [14] [15] [16] [17] We previously fabricated Si=4H-SiC pn and nn junctions by SAB, and found that ≈6-nm-thick amorphous-like layers observed at the as-bonded Si=SiC interfaces were recrystallized and the reverse-bias characteristics as well as the ideality factors were improved when the junctions were annealed at 1000°C for 60 s in N 2 ambient. 18, 19) By using the scanning internal photoemission microscopy technique, 20) the correlation between the spatially resolved photoyield, which is defined as the photocurrent normalized by the number of incident photons per second, and the structures of Si=SiC interfaces were investigated. 21) Recently, we have briefly discussed the threshold energy in the photoresponse (PR) of Si=4H-SiC pn junctions as well as the room-temperature properties of 4H-SiC=Si heterojunction bipolar transistors, 22) in which the emitter, base, and collector were made of n-4H-SiC, p-Si, and n-Si, respectively. 23) In this study, we intensively investigate the PR of the Si= 4H-SiC pn junctions and the electrical characteristics of the 4H-SiC=Si heterojunction bipolar transistors (HBTs). The effects of the impurity concentration in p-Si layers and the reverse-bias voltages are focused on in the discussion of PR. The impacts of the postprocess annealing are highlighted in the characterization of the HBTs. Using these two approaches, the transport properties of the minority electrons along each direction across the bonding interfaces, i.e., (i) the minority electrons that are optically excited in the p-Si layer and driven toward the n-4H-SiC layer and (ii) those that are electrically injected from the n-4H-SiC layer to the p-Si layer, are examined. It is noteworthy that the transport characteristics of the minority carriers are more sensitive to the properties of interfaces in comparison with the transport characteristics of the majority carriers. . The acceleration voltage and duration of FAB irradiation were ∼2 kV and 180 s, respectively. The substrates were pressed to each other with a force of ∼10 MPa for 60 s to fabricate the junctions. The substrates were not heated during the bonding. By forming ohmic contacts on the back surfaces of the SiC and Si substrates and dicing, two types of Si=SiC pn junctions were prepared. The pn junctions made of the lightly and heavily doped p-Si substrates are hereafter referred to as (A) and (B), respectively. A monochromatic light with a photon energy hν in the range between 1.38 and 4 eV was focused on the part of the back surface of the SiC substrate that was not masked by the ohmic contacts. We then measured the photoyield (Y ) of the pn junctions. A schematic cross section of the fabricated pn junctions as well as the configuration of measurements are shown in Fig. 1. process sequences of (i) bonding of an n − -SiC epitaxial layer grown on an n-4H-SiC (0001) substrate and a p-Si(001) substrate, (ii) fabricating a ≈800-nm-thick 400 × 500 µm 2 Si mesa by the ion-cut process and mesa etching, (iii) defining a 300-µm-ϕ circular collector region on the Si mesa by P ion implantation, (iv) evaporating an emitter contact metal layer on the back surface of the SiC substrate, (v) annealing at 700°C for 10 min to produce the emitter contact, activate the implanted P atoms, and improve the properties of the bonding interfaces, and (vi) forming base contacts by evaporating a contact metal layer (Al=Ni=Au) and annealing at 400°C for 1 min. The SiC epitaxial layer and p-Si substrate employed were the same as those used for fabricating (A) for PR measurements. The conditions for the bonding process were the same as those for fabricating pn junctions for PR measurements. The areas of base mesas, base contacts, and collector contacts are 2 × 10 −3 , 1 × 10 −3 , and 7 × 10 −4 cm 2 , respectively. A schematic cross section of HBTs is shown in Fig. 2 .
We additionally annealed HBT dies at 400 and 700°C for 1 min after the above process sequence was completed (postprocess annealing). All of the annealing steps were carried out in N 2 ambient. The characteristics of the dies were measured at room temperature.
Results and discussion

Photoresponse of Si/SiC pn heterointerfaces
The square root of the photoyield ( ffiffiffi Y p ) of (A) without bias voltages is shown in Fig. 3(a) . Its lower-energy (hν < 1.8 eV) part is depicted in an inset at a magnified scale. A peak observed at 3.6 eV was attributed to the absorption in the n-SiC layer with a bandgap of 3.24 eV.
ffiffiffi Y p in the lowerenergy part was proportional to the photon energy.
ffiffiffi Y p of (B) is shown in Fig. 3(b) . In contrast to (A), ffiffiffi Y p of (B) in the lower-energy part revealed a slight warp. The lower-energy parts of ffiffiffi Y p were fitted to a quadratic function so as to phenomenologically include the contribution of the warp. Using the fitting, the threshold energy corresponding to ffiffiffi Y p ¼ 0 was estimated to be ≈1.15 and ≈1.18 eV for (A) and (B), respectively, which were both close to the bandgap of intrinsic Si (1.12 eV at room temperature). The results of fitting are shown in the insets of the respective figures. We found that uncertainties in the estimated threshold energies were ≈10-20 meV. The photoyield spectra of (A) and (B) are shown in Fig. 3(c) . Their ratio, Y of (B) divided by that of (A), is also shown in this figure. The photoyield ratio increased as hν increased from 1.4 to 2 eV. The ratio remained between 2 and 2.5 for higher photon energies up to 3.2 eV. The ratio decreased as hν increased beyond 3.2 eV, or the contribution of the SiC layer was more pronounced. Y of (B) is smaller than that of (A) for hν < 1.7 eV. For 1.7 < hν < 3.2 eV, in contrast, Y of (B) is larger than that of (A).
Y for reverse-bias voltages of −3 and −10 V as well as Y without bias voltages are shown for (A) and (B) in Figs. 4(a) and 4(b), respectively. Y was increased by applying reverse bias voltages in each sample. It was found that the separation between the respective curves, i.e., the degree of increase in Y, was almost independent of hν.
Y for hν < 3.24 eV is assumed to be attributed to the photoabsorption of the p-Si layers. Noting the indirect properties of Si, the dependence of Y on hν in this energy range can be expressed as
where E G,Si is the apparent bandgap of Si. The result that ffiffiffi Y p was almost linearly dependent on hν and the threshold energy was close to the bandgap of intrinsic Si is consistent with the above scheme. The slight warp observed for (B) [ Fig. 3(b) ] is likely to be attributable to the heavy doping, as previously reported for the photoabsorption of heavily B-doped (N A = 10 19 cm −3 ) p-Si.
24)
The dependence of photoyield spectra on reverse-bias voltages suggest that the energy of optically excited electrons was first relaxed, then the electrons were driven toward the interfaces through the drift-diffusion process, piled up at the interfaces, and tunneled to the conduction band of the SiC layer.
The density of the minority electrons (n) inside of the p-Si layers (x < 0) is described using the drift-diffusion model. Using this model, the continuity condition of current due to the minority electrons is expressed as 25) @n @t
In this expression, I 0 is the intensity of the incident light at x = 0 (the interface), E is the electric field, and n 0 is the minority electron density in the equilibrium condition. D n , τ n , and μ are the diffusion coefficient, lifetime, and mobility of the minority electrons, respectively. L ph is the penetration depth of the incident photons into the p-Si layers. We consider the steady-state condition (∂n=∂t = 0). In addition, given that the electric field is only apparent in a submicron region neighboring the interface (not depicted), 23) we assume that E = 0 in the above equation, i.e., we only consider the motion of electrons due to the diffusion. Using this crude approximation, the minority electron concentration at the interface is analytically expressed as
where L n stands for the diffusion length of the minority
L n for (A) and (B) is estimated to be L n,A ≈ 40 µm and L n,B ≈ 2-3 µm, respectively. 26) L ph decreases from ≈20 to ≈3 µm as hν increases from 1.4 to 2 eV. 27) As L ph decreases (hν increases), the ratio increases so that the photoyield of (B) becomes more apparent in comparison with that of (A). Physically, at low photon energies such as hν = 1.4 eV, the major parts of optically excited electrons are likely to recombine inside of the p-Si layer of (B) since L n,B ≪ L ph . In (A), in contrast, a certain portion of electrons is assumed to reach to the SiC=Si interfaces, which explains the result that ffiffiffi Y p of (B) was smaller than that of (A). As hν increases, the penetration depth of photons decreases, so that a larger number of excited electrons are likely to arrive at the interfaces in (B). The photoyield ratio should, consequently, increase.
The electric field at the interface in (B) is likely to be higher than that in (A) because of the difference in N A in p-Si substrates. The tunneling probability of electrons at the interface in (B) is, consequently, assumed to be larger than that in (A). The photoyield ratio of >1 in the high-energy range (1.7 eV < hν) can be qualitatively explained by this hypothesis. Figure 5(a) shows the relationship between the collector current I C and the collector-base voltage V CB of an HBT die without annealing. The relationships in dies after postprocess annealing at 400°C for 1 min, and 700°C for 1 min are shown in Figs. 5(b) and 5(c), respectively. The emitter current I E was varied between 0 and 5 mA in steps of 1 mA. The differential common-base current gains α at V CB = 0 V were ≈0.09 and ≈0.9 after the 400 and 700°C annealing, respectively, which was in marked contrast to the result for the die without annealing (α ∼ 0.01). We also found that the leakage across the base=collector junction was more marked in the 700°C-annealed die than in the other two dies. The I C of as low as 5 mA, which corresponded to the collector current density of 7 A=cm 2 , and the apparent leakage in I C -V CB characteristics are explained by the low doping concentration in the SiC emitter and the immaturity of the process for fabricating base=collector junctions, respectively. Gummel plots, or dependences of the base current I B and I C on the base-emitter voltage V BE for V CB = 0 V, of a die without annealing, a 400°C-annealed die, and a 700°C-annealed die are shown in Figs. 6(a), 6(b), and 6(c), respectively. The differential common-emitter current gain β (≡ dI C =dI B ) is also shown in each figure. The maximum of β (β max ) was ≈0.14 and ≈10.3 for the 400°C-and 700°C-annealed dies, respectively. β max for the 700°C-annealed die was ≥300 times as large as that for the nonannealed die (∼0.03). Figure 7 shows I-V characteristics for forward-bias voltages of the emitter=base diodes for the three samples. A hump observed at ≈0.2 V for the nonannealed die, which was attributed to the recombination at the interfaces, was not present in the characteristics of the two annealed dies. The ideality factor for both the nonannealed and 400°C-annealed dies was ≈1.4 at ≈0.4 V. The ideality factor for the 700°C-annealed die was ≈1.2 at the same bias voltage. The parasitic resistance of this die was found to be ≈60 Ω from the slope of I-V characteristics at 1.5 V, which was close to the sheet resistance of the base layer (∼1.5 kΩ determined by TLM measurements) divided by 8π, or the estimation of spreading resistance in diodes with circular contacts. 28) The difference in the three I-V characteristics of emitter= base diodes implies that the properties of SiC=Si interfaces were improved by the postprocess annealing, which was assumed to cause the increase in the current gain of HBTs. It is noteworthy that the electrical properties of interfaces were improved by annealing at temperatures lower than the highest temperature during the device fabrication process (700°C) and the reported eutectic point of SiC=Si systems (1410°C), 29) which suggests that the SiC=Si interfaces were in metastable states when the device process was completed. This view is consistent with frequently reported features in SAB-based interfaces that the thicknesses of amorphous layers formed at interfaces immediately after bonding are reduced upon annealing at temperatures lower than the eutectic points. 18, 30) Irrespective of the mechanism underlying the enhanced current gain, the obtained β suggests that the intrinsic quality of SiC=Si bonding interfaces is favorable for the minority carriers to be injected across the interfaces with high efficiency at room temperature. HBTs with further improved device performances are likely to be achieved by optimizing the device structures and device fabrication process. The obtained results, consequently, suggest that SAB is practically useful for fabricating emitter=base junctions, which are vital parts of HBTs.
Effects of postprocess annealing on SiC/Si HBTs
Conclusions
We investigated the transport properties of optically excited and electrically injected minority electrons across SAB-based 4H-SiC=Si interfaces by measuring the photoresponse of pn diodes and the electrical characteristics of HBTs. The threshold energy of the photoresponse spectra of p-Si= n-4H-SiC junctions was close to the bandgap of Si. The increase in photoyield due to reverse-bias voltages was not affected by the energy of incident photons. These findings suggest that optically excited electrons in Si were driven to SiC via tunneling across the potential barrier formed at the interfaces after their energy was relaxed. The current gain in SiC=Si HBTs increased as a result of the postprocess annealing. The maximum common-emitter current gain of >10 was obtained. The increase in the current gain was attributed to the improvement in the electrical properties of the SiC=Si emitter-base interfaces. This means that the SABbased interfaces are in metastable states and potentially useful as vital parts of semiconductor devices.
